heterotetrameric complexes yielding a wide variety of biophysically and pharmacologically distinct channels (3) (4) (5) (6) . However, biochemical and immunohistochemical studies have demonstrated that specific Kv1 heteromeric complexes predominate in mammalian brain, and many other possible subunit combinations are not detected (7) (8) (9) (10) (11) . Thus, in spite of the fact that all Kv1 α-and Kvβ-subunit combinations yield functional channels, and while promiscuous assembly and equivalent surface expression of all possible α and β subunit combinations expressed in mammalian neurons would generate a tremendous diversity of Kv1 channel structure and function, in fact only certain α/β subunit combinations are found on the neuronal cell surface. These observations suggest not only a functional importance for particular heteromeric channel complexes, but also that cellular mechanisms exist to restrict surface expression to only those channels with appropriate subunit composition. Since electrical signalling is exquisitely sensitive to subtle changes in Kv channel activity (12) , it is not unexpected that neurons would have multiple mechanisms to regulate plasma membrane activity of these complicated multisubunit proteins at several posttranslational stages, including endoplasmic reticulum (ER) export, intracellular trafficking and surface expression.
The mechanisms that regulate ER export, cell surface expression and targeting of Kv1 channels in neurons remain to be elucidated. The rate-limiting step for surface expression of most membrane proteins is ER export (13), and export competence can be determined by diverse mechanisms (14) . Studies on nicotinic acetylcholine receptors biosynthesis have shown ER export is controlled by ER chaperones that allow export of only properly folded and subsequently assembled α 2 βγδ receptors (15) . Unassembled or misassembled K ATP channel subunits display cytoplasmic RKR motifs that act as ER retention signals until complete heteromeric assembly occurs (16) . Similarly, T cell antigen receptor membrane spanning subunits expose strong transmembrane retention/retrieval signals and are rapidly degraded unless appropriate heteromeric assembly with specific subunits occurs (17) . In addition, anterograde signals described for the vasopressin V 2 receptor (18) and K ATP channel SUR1 subunits (19) have been shown to be essential for ER export. However, unlike Kv1 channels, these well characterized membrane proteins function only as obligate heteromers of fixed subunit composition, and these mechanisms exist to absolutely ensure that nonfunctional or dysfunctional complexes of incorrect subunit composition are retained intracellularly and degraded.
In contrast, all combinations of coassembled Kv1 α and Kvβ subunits tested to date have been found to yield functional channels, such that promiscuous assembly of Kv1 channel subunits could generate a tremendous diversity of neuronal channel function (20, 21) . Inherent in these models is the assumption that channels formed using different component subunits would exhibit similar surface expression characteristics. Here we show that in fact dramatic difference exist in trafficking, biosynthetic processing, and surface expression of the major Kv1 α subunits (Kv1.1, Kv1.2 and Kv1.4) expressed in rat and human brain, consistent with such posttranslational events as being important determinants of Kv1 channel cell surface abundance. In a wide variety of mammalian cells, and in hippocampal neurons, coassembly of these Kv1 α subunits yields patterns of expression that suggest the presence of a potent dominant-negative regulator on some Kv1 α subunits, and dominant-positive activity on others. Moreover, coexpression with the major brain cytoplasmic Kvβ subunit, Kvβ2 facilitates the surface expression of multiple heteromeric complexes. These data suggest that differential surface expression of Kv1 channels, as determined by α-and β-subunit composition, is a critical determinant of electrical activity in mammalian neurons. Antibodies-Rabbit polyclonal (Kv1.1C, Kv1.2C, and Kv1.4N) and mouse monoclonal (anti-Kv1.1: K20/78; anti-Kv1.2: K14/16; anti-Kv1.4: K13/31) antibodies against the cytoplasmic domains of K + channel α subunits have been described previously (22) (23) (24) (25) . Rabbit polyclonal (Kv1.2e, Kv1.4e) and mouse monoclonal (K36/15 anti-Kv1.1) antibodies against ectodomains of Kv1 α subunits, and a mouse monoclonal antibody (K28/86) which recognizes both PSD-95 and SAP97, have also been described previously (26) .
Transient Transfection of COS-1 Cells-Cells were transfected with mammalian expression vectors for various Kv channel α-and β-subunit polypeptides (29) by the calcium phosphate precipitation method (30) . Cells were seeded at 10% confluence (for biochemical analysis) or 1% confluence (for immunofluorescence) and grown at 37˚ C in DMEM containing 10% calf serum.
The calcium phosphate DNA mixture was added within 24 h of seeding, when cells were approximately twice the original plating density, and left for 18 -24 h. The transfection media was then removed, and after the addition of fresh media the cells were incubated at 37˚ C for an additional 24 h.
Immunofluorescence Staining of Transfected COS-1 Cells-Cells expressing various
combinations of Kv1 α and Kvβ subunits were stained 48 h posttransfection using a surface immunofluorescence protocol (25) . Cells were washed three times in ice-cold PBS (10 mM phosphate buffer, pH 7.4, 0.15 M NaCl) containing 1 mM MgCl 2 and 1 mM CaCl 2 , then fixed in the same buffer containing 4% paraformaldehyde for 30 min at 4˚ C. After three washes with PBS, nonspecific protein binding sites were blocked with Blotto (4% nonfat dry milk powder in TBS (10 mM Tris-HCl, pH 7.5, 0.15 M NaCl) for 1 hr at RT, then incubated with mouse or rabbit ectodomain-directed antibodies for 1 hr at RT. After washing 3 times with Blotto, cells were permeabilized with BLOTTO containing 0.1% Triton X-100 (Blotto+T) for 1 hr at RT. This was followed by incubation with cytoplasmically-directed antibodies (derived from the species distinct from that used for the ectodomain staining) for 1 h at RT. Cells were washed three times in Blotto+T, incubated with Texas Red-goat anti-rabbit and FITC-goat anti-mouse diluted in Blotto+T for 1 h, and washed three times with PBS containing 0.1% TX-100. For standard immunofluorescence staining, 0.1% TX-100 was included during fixation.
Cells were viewed under indirect immunofluorescence on a Zeiss Axioskop2 microscope. Modeling of surface expression data was performed using the equation for a binomial distribution of channels (F i ) of a particular type, i: Experimental data were normalized by adjusting maximum surface expression levels to 100%, and graphed relative to theoretical data obtained from equation 1. The following assumptions were made in order to use the binomial expression to calculate the percent of channels predicted for each class of multimeric protein complex, see (31,32): 1) each complex has four subunits; 2) the ratios of subunits expressed will linearly reflect the ratios of cDNAs used in the transfection cocktails; 3) assembly of subunits will be random; 4) the percentage of cells with surface expression of a given subunit will be linear with the surface expression characteristics of that subunit within a given cell.
SDS-PAGE and
Immunoblotting-To harvest cells and prepare detergent lysates, COS-1 cells were washed twice in ice cold PBS and then lysed in the dish for 5 min on ice in ice-cold lysis buffer solution (TBS, pH 8.0, 5 mM EDTA, 1% Triton X-100, 1 mM iodoacetamide, and a protease inhibitor cocktail (2 µg/ml aprotinin, 1 µg/ml leupeptin, 2 µg/ml antipain, 10 µg/ml benzamidine and 0.2 mM phenylmethylsulfonyl fluoride). Cell lysates were harvested with a cell scraper, and incubated an additional 5 min on ice. The crude lysate was centrifuged in a refrigerated microcentrifuge at 4˚ C for 5 minutes at 14,000 x g to pellet nuclei and debris, and the resulting supernatant was saved for analysis.
For all immunoblots, 20-40 µl of cleared lysate was added to an equal volume of 2X reducing SDS sample buffer, boiled, and fractionated on 7.5% polyacrylamide-SDS gels. Lauryl sulfate (Sigma) was the SDS source used for all SDS-PAGE to accentuate M r differences between the different posttranslational isoforms of Kv1 α subunits (30) . After electrophoretic transfer to nitrocellulose, the resulting blots were blocked in Blotto, incubated for 1 hr in Blotto containing tissue culture preparations of mouse monoclonal antibodies. Blots were then washed three times in Enzymatic Digestion-Transfected COS-1 cleared cell lysates were digested with PNGase F (8 u/ml), Endo H (0.1 U/ml) or sialidase (Oxford Glycosystems) from Clostridium perfringens, (0.25 U/ml in sodium acetate, pH 5.0) overnight at 37 0 C. Digestion products were analyzed by immunoblot. For Proteinase K digestion (Sigma), transfected cells were washed three times with ice-cold PBS. Each 35 mm dish was incubated with 10 mM HEPES, 150 mM NaCl, and 2 mM CaCl 2 (pH 7.4) with or without 200 µg/ml Proteinase K (33) at 37˚ C for 30 min. The cells were then harvested and centrifuged at 4˚ C at 3,500 rpm in a refrigerated microcentrifuge and Proteinase K digestion was quenched by adding ice-cold PBS containing 6 mM phenylmethylsulfonyl fluoride and 25 mM EDTA. This was followed by three washes in ice-cold PBS. Cleared lysates were prepared and analyzed by immunoblot as described above.
Primary Hippocampal Cultures-Hippocampal cultures were prepared as previously described (34,35) with the following modifications. Coverslips were placed in wells face up but did not contact the glia due to the presence of paraffin wax pedestals. Most (>85%) of the neurons in these cultures developed the characteristic morphology of hippocampal pyramidal cells. Cultured hippocampal neurons at 7 days in vitro (DIV) were transfected by the LipofectAMINE Plus method (Life Technologies, Gaithersburg, MD) as described previously (36) . In brief, 1 µg of DNA was diluted into 100 µl serum-free transfection medium to which 10 µl of PLUS reagent was added, the solution was mixed and incubated at room temperature for 15 min. Then, 5 µl of LipofectAMINE reagent was diluted into serum-free dilution medium in a second tube and mixed. Precomplexed DNA and diluted LipofectAMINE reagent were combined, mixed and incubated for 15 min at room temperature. The DNA-PLUS-LipofectAMINE reagent complexes were added to face up cover slips in individual wells of six well tissue culture plates. Complexes were mixed into the medium gently and incubated at 37 °C with 5% CO 2 for 48 h.
RESULTS
To begin to address surface expression of Kv1 channels, we determined subcellular distributions and surface expression levels of homomeric channels using antibodies specific for extracellular and intracellular domains, respectively, of each Kv1 α subunit. COS-1 cells transfected with the appropriate rat Kv1 α subunit cDNA were fixed and stained with subtype-specific ectodomain-directed antibodies to assay for surface expression. These cells were then permeabilized and stained with cytoplasmically-directed antibodies to detect total cellular pools of expressed Kv1 α subunits.
We found the vast majority (89.5 ± 0.9%) of Kv1.4-expressing cells had robust cell surface To demonstrate that these differences in Kv1 α subunit surface expression were not unique to COS-1 cells, these rat Kv1 α subunits were expressed in a variety of mammalian cell lines of diverse origin. Human embryonic kidney (HEK293) cells and canine kidney epithelial (MDCK) cells yielded identical patterns of Kv1 surface staining (Table I) To further analyze the subcellular localization of each Kv1 α subunit, we double-labeled COS-1 cells expressing Kv1.1, Kv1.2 or Kv1.4 for these α subunits and for markers of the endomembrane compartments of the secretory pathway. For ER, cells were stained with antibodies against the resident ER protein BiP (37) , and the Golgi apparatus with Lens culinaris lectin (LCA; (38) . Any intracellular Kv1.4 staining colocalized with LCA staining in the Golgi apparatus (Fig.   1D ), rather than BiP (not shown). In contrast, anti-BiP staining labeled a perinuclear compartment in COS-1 cells and colocalized with intracellular staining for Kv1.1 ( Fig. 1E ) and Kv1.2 (Fig. 1F ).
These latter two subunits did not colocalize with LCA (not shown). These results indicate that Kv1.1 and Kv1.2 are localized to ER, whereas any minor intracellular accumulation of Kv1.4 occurs in the Golgi apparatus. These Kv1 α subunits contain a single N-linked glycosylation site located in the extracellular loop between transmembrane segments S1 and S2 (39) . Differences in processing of N-linked oligosaccharide chains at these sites can be detected by shifts in M r on SDS-PAGE gels (40), and by sensitivity to sialidase digestion. Lower M r forms of the Kv1 α subunits carrying simple high mannose chains correspond to ER pools, while higher M r forms carrying sialidated complex chains correspond to Golgi and plasma membrane pools (41) . We found the bulk of Kv1.1 and Kv1.2 present in transfected cells in lower M r forms (≈60-70 kD) which were insensitive to sialidase treatment ( Fig. 2A) , consistent with their ER localization. However, a minor M r =86 kD pool of Kv1.2 was found to be sialidase-sensitive ( Fig. 2A) . Parallel analysis of Kv1.4-transfected cells ( Fig. 2A, right) showed that the major M r =110 kD Kv1.4 pool was sialidase-sensitive, while the minor M r = 90 kD band was unaffected by sialidase digestion. These data are consistent with immunofluorescence staining and show that homotetramers composed of different Kv1 α subunits have different surface expression properties, with Kv1.4 localized to the Golgi apparatus and plasma membrane domains, and Kv1.1 and Kv1.2 to ER. To provide a direct biochemical correlate between these differences in oligosaccharide processing/M r and cell surface expression, Kv1-transfected COS-1 cells were treated with external Proteinase K (PK), a relatively nonspecific protease which when externally applied cleaves the ectodomains of cell surface proteins (33). Kv1.1 and Kv1.2 expressed in COS cells lacked detectable PK sensitivity, with the exception of the minor M r =86 kD sialidase-sensitive Kv1.2 pool which was eliminated (Fig. 2B) . In contrast, the bulk of the M r =110 kD form of Kv1.4 was sensitive to PK digestion, while the M r =90 kD form was unaffected. These data on sensitivity of (Fig. 3A) , a pattern never observed in cells expressing Kv1.4 alone. Conversely, coexpressing saturating amounts of test Kv1.4 with target Kv1.1 resulted in robust Kv1.1 surface staining not seen in cells expressing Kv1.1 homotetramers (Fig. 3B) . These effects were specific for interacting Kv1 α subunits as coexpression of Kv1.1 with noninteracting and surface-expressed (Fig. 4A) . The effects of Kv1.1 coexpression on Kv1.4 surface expression was most obvious, such that even in the presence of relatively low levels of Kv1.1 expression a significant decrease in the number of cells with surface Kv1.4 staining was observed (Fig. 4A ). We used a theoretical model for tetrameric Kv1 channel stoichiometry (31,32) to predict the Kv1 α subunit composition necessary for ER localization or surface expression of these heteromeric Kv1 channels. We found that our experimental data were consistent with a single Kv1.1 subunit being sufficient to cause significant ER localization of most Kv1.1/1.4 tetramers (Fig. 4D, open squares) , similar results were obtained (Fig. 4B) . Modeling of these experimental data predicted that any Kv1.1 subunits that do reach the cell surface are present in tetrameric complexes with three Kv1.4 subunits (Fig. 4E, open squares) . In sharp contrast, increasing Kv1.4 coexpression with target Kv1.2 yielded a sharp and saturable increase in the number of cells expressing Kv1.2 on the surface (Fig. 4B) . Modeling of these data revealed that only a single Kv1.4 subunit is required to promote surface expression of Kv1.2 containing tetramers (Fig. 4F, open squares) . Kv1.2 coexpression did not significantly alter surface expression of either Kv1.1 or Kv1.4 α subunits (Fig. 4C ). Kv1.2 coexpression did cause a slight increase in cells with detectable Kv1.1 surface staining, however the staining intensity was very weak relative to that seen for Kv1.1 upon Kv1.4 coexpression that these cells were not counted as positive. It should be noted that a number of assumptions have been used to generate these models (see Methods section), and that neither the exact subunit composition of channels expressed within a cell, nor of the channels that are expressed on the cell surface, is known. However, these data together suggest that the ER localization of Kv1.1 and the surface expression of Kv1.4 can be transferred to heterotetrameric Kv1 complexes, and that Kv1.2 apparently carries weak or conflicting targeting information that is easily overwhelmed upon assembly with either Kv1.1 or Kv1.4.
Biochemical analyses confirmed and extended these findings and showed that Kv1.1 coexpression dramatically reduced (from 52 ± 1.1% to 16.7 ± 2.0%; Table II ) the proportion of Kv1.4 in the sialidase sensitive M r = 110 kD form (Fig. 5A,B) . Coexpression with Kv1.1 also reduced (from 17.4 ± 1.4% to 1.2 ± 0.7%; Table II ) the amount of sialidase sensitive M r = 86 kD Kv1.2 (Fig. 5A,B) . Coexpression with Kv1.2 had little effect on the processing of N-linked oligosaccharide chains on either Kv1.1 or Kv1.4 α subunits (Table II) .
In contrast, coexpression with Kv1.4 promoted an increase in the proportion of Kv1.1 and Kv1.2 in the higher M r pool (Fig. 5A) . Sialidase-sensitivity verified that the higher M r forms of Kv1.1 and Kv1.2 seen upon coexpression with Kv1.4 had processed, sialidated N-linked oligosaccharide chains (Fig.5B ). Densitometric analyses (Table II) http://www.jbc.org/ Downloaded from also found to be sensitive to external PK treatment, confirming that these α subunit pools were on the cell surface (Fig. 5C ). The reduction in sialidase-and PK-sensitive forms of Kv1.2 and Kv1.4 upon Kv1.1 coexpression, and the converse appearance of these forms of Kv1.1 and Kv1.2 upon Kv1.4 coexpression, provides compelling biochemical evidence that specific Kv1 α subunits can confer their inherent differences in expression to other coassembled subunits, thereby altering the overall abundance of these channels on the cell surface.
The dramatic differences in surface expression of Kv1.1-and Kv1.4-containing homo-and heterotetrameric channels was also demonstrated in primary cultures of rat hippocampal neurons.
These cultures do not express detectable levels of endogenous Kv1.1 or Kv1.4 at the stage of culture (7-9 days in vitro) used for these experiments. Hippocampal neurons were transfected with Kv1.1 alone (Fig. 6A ), Kv1.1 and Kv1.4 (at a 1:4 cDNA ratio; Fig. 6B ), Kv1.4 alone (Fig. 6C) , or Kv1.4 and Kv1.1 (at a 1:4 cDNA ratio; Fig. 6D ). Kv1.1-expressing neurons had robust Kv1.1 staining localized to the soma in a perinuclear pattern, and surface staining was not detected (Fig.   6A ). In contrast, Kv1.4-transfected neurons exhibited robust surface staining throughout the neuronal processes; staining for the total Kv1.4 pool after permeabilization revealed some additional intracellular staining (Fig. 6C) . These data show that mechanisms yielding differential surface expression of homomeric Kv1.1 and Kv1.4 channels are conserved between neuronal and non-neuronal cells. Coexpression of Kv1.1 with saturating amounts of Kv1.4 in the same neuron yielded robust Kv1.1 surface staining, although a portion of the total Kv1.1 pool was also present in a perinuclear compartment (Fig. 6B) . Coexpression of Kv1.4 with saturating amounts of Kv1.1 yielded enhanced perinuclear Kv1.4 staining, and a decrease in Kv1.4 surface staining (Fig. 6D) .
Taken together, these findings suggest that surface expression of Kv1 channels is determined by α subunit stoichiometry, and that the underlying mechanisms are present in neurons and non-neuronal cells.
To directly determine if the observed increases in surface Kv1.1 expression upon Kv1.4 coexpression were due to surface expression of heteromeric Kv1.1/Kv1.4 channels, we took Fig. 7D) . When the Kv1.4V655A mutant is coexpressed with SAP97, no coclustering is observed (Fig. 7E) due to the disruption of the SAP97 binding motif at the C terminus of this Kv1.4 mutant. Triple transfection of the Kv1.4V655A mutant, wild-type Kv1.1, and SAP97 resulted in intracellular clustering of mutant Kv1.4 and wild-type Kv1.1 (Fig. 7F) . As above, this clustering of the Kv1.4V655A mutant by SAP97 could only be mediated by the intact ETDV motif on Kv1.1, showing that Kv1.1 and Kv1.4V655A are coassembled in the ER.
In mammalian brain, cytoplasmic Kvβ2 subunits are the most abundant Kvβ subunits (24) , and are component subunits of most Kv1-containing channel complexes (8) . Kvβ2 has been shown to affect the surface expression of homomeric Kv1.2 channels in transfected COS-1 cells (25) . In order to reconstruct the hetero-oligomeric Kv1 complexes observed in vivo, and to address if β subunits such as Kvβ2 could promote expression of heteromeric Kv1 channels, we cotransfected Kvβ2 with different pairwise combinations of Kv1.1, Kv1.2 and Kv1.4. We first tested effects of Kvβ2 coexpression on cells expressing Kv1.1 alone, and found that unlike Kvβ2 effects on cells expressing Kv1.2 (25) no dramatic changes in the subcellular distribution of Kv1.1 (Fig. 8A) , or in the number of transfected cells exhibiting Kv1.1 surface staining (5.6 ± 1.8%). In contrast, Kvβ2 dramatically increased the number of Kv1.1/Kv1.2 coexpressing cells which exhibited Kv1.1 surface staining (Fig. 8A) 
DISCUSSION
We have shown here that while all Kv1 α subunits expressed as homotetramers form functional channels (42, 43) , the surface expression characteristics of the three major Kv1 α subunits expressed in rat, bovine and human brain, namely Kv1.1, Kv1.2 and Kv1.4 (9) (10) (11) 44) , vary dramatically and consistently in a variety of neuronal and non-neuronal cell backgrounds.
Immunofluorescence staining and a variety of independent biochemical assays show that Kv1.4 homotetrameric channels are efficiently expressed on the cell surface, such that the bulk of the total Our data suggest that these three Kv1 α subunits contain unique intracellular trafficking programs independent of heteromeric assembly. More specifically, our results imply that Kv1.1 and Kv1.2 contain retention/retrieval signal(s) responsible for confining these subunits in the ER.
However, the signals responsible for variations in trafficking of these two highly related (81.5% overall amino acid identity) α subunits are distinct in a number of ways. The basal level of Kv1.2 surface expression is higher than that for Kv1.1, and unlike Kv1.1, is easily mutable since it is sensitive to overall expression level, to β subunit coexpression, and to the inclusion of even a single Kv1.4 α subunit in a mixed Kv1.2/Kv1.4 heterotetramer. In addition, unlike Kv1.1, the retention/retrieval activity of Kv1.2 is not easily transferable to heteromeric Kv1 complexes, such that coassembly of Kv1.2 with other Kv1 α subunits has little effect on their inherent surface expression characteristics. These results together indicate that Kv1.2 contains a weaker retention/retrieval signal than does Kv1.1, and that the intracellular trafficking and surface expression of Kv1.2 is not necessarily predetermined but malleable and sensitive to numerous extrinsic influences, while Kv1.1 is more rigidly destined for ER localization.
Neither Kv1.1 nor Kv1.2 contain any previously identified ER localization determinants (e.g. RKR, KDEL). Each Kv1 α subunit contains an N-terminal dilysine motif, which has been shown to act as an ER localizing signal in certain type I membrane proteins, such as CD8 (46) . However, as this motif is present in each of the Kv1 α subunits (Kv1.1, Kv1.2 and Kv1.4) that exhibit such dramatic differences in intracellular trafficking and surface expression, and as dilysine motifs have only been shown to act when present at the distal C terminus, it is unlikely that this motif regulates Kv1 subunit surface expression. Identification of the strong and weak trafficking signals in Kv1.1 and Kv1.2 respectively, will allow for further insights into the mechanisms regulating the plasma membrane abundance of Kv1 channels and cellular excitability. An alternative model that may explain differential trafficking of these subunits may be attributed to differences in folding efficiency leading to chaperone-mediated ER retention independent of any ER localizing signals. Such a model has been proposed for a number of heteromeric complexes including nicotinic acetylcholine receptors (47) . Whether these Kv1 α subunits are differentially folded has not been determined. Interestingly, calnexin, a major component of the ER quality control apparatus was shown not to mediate the ER retention of mutant Shaker subunits (48) .
Whether this is also the case for mammalian Shaker or Kv1 α subunits is not clear. Kv1 .4 is efficiently targeted to the cell surface at all expression levels in all cell types tested presumably due to a lack of any ER retaining signals. Inclusion of Kv1.4 into heteromeric channels also promotes trafficking of otherwise trapped subunits, presumably by masking retention signals upon assembly via a mechanism similar to that proposed for K ATP channels (16) . The intracellular trafficking of Kv1.4 presumably occurs by bulk flow (49) . Interestingly, processing of N-linked oligosaccharide chains on Kv1.4 by Golgi apparatus-localized glycosyltransferases occurs with a t 1/2 ≈ 3 hours (40). These kinetics, which also reflect ER export kinetics, are much slower than predicted for bulk flow of simple membrane proteins (49) , but are similar to those described for other multisubunit polytopic membrane proteins (15) . The longer ER transit times presumably reflect the numerous ER-mediated assembly and folding events that must be accomplished for this complicated twenty-four transmembrane segment protein to achieve a Previously, we have shown that Kvβ2 can promote the stability, N-linked glycosylation and surface expression of homomeric Kv1.2 channels (25). Here we show that Kvβ2 also promotes the surface expression of the types of heteromeric Kv1 channels with which it is associated in the mammalian nervous system. The effects of β-subunit association on Kv1 channel plasma membrane targeting are in some ways distinct from those observed upon Kv1.4 association. The effects of β subunits such as Kvβ2 are mainly to increase the overall levels of those subunit combinations that already exhibit some intrinsic trafficking efficiency, in that Kvβ2 effects are obvious for Kv1.2 and Kv1.4 homotetramers, and heteromeric channels containing Kv1.1, Kv1.2 and Kv1.4, but are not detectable for Kv1.1 homotetramers. One possible explanation for these data is that the main consequence of Kvβ2 association is to stabilize these Kv1 channel complexes, a phenomena we have shown previously for Kv1.2 homotetramers (25) . This stabilization could indirectly impact surface abundance by increasing the number of chances that a Kv1 channel complex would have to achieve ER export competence. This may be accomplished through chaperone-assisted folding and/or saturation of retention receptor sites by simply increasing the lifetime of the channel complex in the ER. The fact that Kvβ subunits such as Kvβ2 are able to similarly promote plasma membrane abundance of most Kv1 channels regardless of subunit composition implies that these cytoplasmic subunits are not directly involved in masking retention signals, but mediate their effects indirectly via other mechanisms, such as stabilization or folding.
Unlike the "all or none" biosynthetic programs of obligate heteromeric membrane proteins, such as K ATP channels, which require (Kir6.2) 4 (Sur2) 4 octamers, and nicotinic acetylcholine receptors, which require α 2 βγδ pentamers, our data for Kv1 channels suggests intracellular trafficking and surface expression efficiency may be regulated by subunit dosage, allowing for greater flexibility in precisely regulating levels of surface Kv1 channels of diverse subunit composition. As subunit composition can also confer specific gating, modulatory and localization properties to Kv1 channels, it is likely that this will fundamentally impact the neuronal phenotype in diverse ways. These unusual effects of subunit dosage may suggest that novel retention/retrieval system is mediated novel signals in certain Kv1 α subunits, and that these signals can operate in a variety of cell backgrounds, including mammalian central neurons, to determine the overall expression patterns of surface channels. Whether the unique trafficking programs of these Kv1 α subunits is based on a novel retention signal/receptor based mechanism or due to differences in folding, it is clear that the trafficking of Kv1 channel complexes is dependent on subunit composition and stoichiometry which may ultimately serve as key determinants in shaping the repertoire of Kv1 channels present in the plasma membrane of excitable cells. 
